Ethanol extracts of lyophilized vegetables were tested for inhibition of human lanosterol synthase (hOSC) in order to find the compounds to suppress cholesterol biosynthesis. Of 130 samples tested, twelve samples showed significant inhibition. Among them, Colocasia esculenta (taro) showed the highest inhibition (55% inhibition at 300 m mg/ml). Examination of activity variation among eight taro cultivars indicated that "Aichi-wase" and "Yatsugashira" had the most potent activity for hOSC inhibition. In order to identify the active constituent of taro, ethanol extracts of "Aichi-wase" were partitioned with hexane and aqueous methanol, and fractionated by silica gel column chromatography. Inhibitory activity was concentrated in two major active fractions. Further purification of these fractions by preparative HPLC gave three monogalactosyldiacylglycerols and five digalactosyldiacylglycerols as active compounds that showed 28 to 67% inhibitory activities at the concentration 300 m mg/ml.
Cholesterol is a natural component of the fats in the bloodstream and exists in all the cells of the body. While cholesterol is an essential part of a healthy body, high levels of cholesterol in the blood (known as hypercholesterolemia) increase a person's risk for cardiovascular disease, which can lead to stroke or heart attack. Properly controlling of cholesterol level in the body is considered to be important both in treatment and prevention of hypercholesterolemia. Total amount of cholesterol in the body depends on the sum of an intake from diet and de novo cholesterol biosynthesis in the body. For patients of hypercholesterolemia, diet therapy and/or the administration of inhibitor of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase ( Fig. 1 ) are effective in treatment. 1) Although administration of drug is quite effective for the patients, it's use for healthy people to prevent from hypercholesterolemia is undesirable due to the potential side effects. Therefore, diet therapy is a good choice for disease prevention as well as taking a sufficient exercise. Restraint of ingesting of cholesterol-rich foods such as beef, egg, etc. is recommended, and vegetables are generally encouraged to take. Many attentions have been paid to cholesterol-rich foods to avoid excess intake of cholesterol, but no attention has been paid to the food that reduces de novo cholesterol biosynthesis in the body. In these days, foods and foodstuffs have become recognized to have not only nutritional but also biomodulatory effects. Researches to clarify the biochemical properties of functional foods or foodstuffs, have been proceeding. In this study, inhibition of cholesterol biosynthesis was investigated to find foods useful for hypercholesterolemia prevention.
As mentioned above, clinically used drugs for hypercholesterolemia are HMG-CoA reductase inhibitors. The longterm administration of these drugs is apprehended for unexpected side effects since inhibition of HMG-CoA reductase results in decrease of the physiologically essential nonsteroidal isoprenoid metabolites such as dolichol, geranyl diphosphate (GPP) and farnesyl diphosphate (FPP). The three enzymes, squalene synthase, squalene epoxidase and lanosterol synthase, that locate at more downstream than HMG-CoA reductase in the pathway (Fig. 1) , are considered as more selective target of suppression of cholesterol biosynthesis. 2, 3) Extensive screening works to find inhibitors of these enzyme from natural origin resulted in isolation of squalestatins, 4) zaragozic acids 5) (squalene synthase inhibitors), gallotannins, 6,7) ellagitannins 8) (squalene epoxidase inhibitors), lanopylins, 9) and epohelmins 10) (lanosterol synthase inhibitors), respectively.
In this study, ethanol extracts of lyophilized vegetables were tested for inhibition using recombinant human lanosterol synthase (hOSC) 11) as reported. 9) Of 130 samples tested, twelve samples showed significant inhibition. Among them, Colocasia esculenta (taro) showed the highest inhibition (55 % inhibition at 300 mg/ml). Monogalactosyldiacylglycerols (MGDGs) and digalactosyldiacylglycerols (DGDGs) (Fig.  2) , were identified as the active constituents in C. esculenta. This is the first report of the bioassay-guided isolation and identification of hOSC inhibitor from foods.
Inhibition of Human Lanosterol Synthase by the Constituents of

MATERIALS AND METHODS
General NMR spectra were recorded on a JEOL JNMalpha 600 spectrometer. Mass spectrometry was conducted on a JEOL JMS-700 spectrometer. HPLC analyses was carried on using Shimadzu LC-10A system under the following conditions: column, TSK gel ODS-80TM (4.6ϫ150 mm, Tosoh); column temperature, 40°C; eluent, 95% CH 3 CN; flow rate, 1.0 ml/min; detector, 203 nm.
Human Lanosterol Synthase The plasmid vector (pYEG1) used for expression of hOSC was constructed from pYES2 (Invitrogen), by replacement of the GAL1 promoter region of this plasmid for a promoter region (0.67 kbp) of glyceraldehyde-3-phosphate dehydrogenase (GPD) amplified by polymerase chain reaction (PCR). An ORF of hOSC was inserted in the correct direction under the GPD promoter region to construct pYEG1h. The expression of hOSC and the preparation of the cell-free extracts were performed by the reported method [12] [13] [14] with some modification. The mutant yeast strain GIL77 (gal2 hem3-6 erg7 ura3-167) 12) was transformed with the resultant plasmid pYEG1h by Frozen-EZ Yeast Transformation II TM (Zymo Research). The transformant was grown in synthetic complete medium (4 ml) without uracil (SC-U), supplemented with 5 mg/ml Tween 80 and 13 mg/ml hemin at 30°C with shaking (220 rpm). After 2 d, the resultant culture was transferred to the same medium (4 l) and cultured at 30°C with shaking (220 rpm). 15) with some modifications as follows: The mutant yeast strain GL7 (MATa gal2 hem3-6 erg7) 15) was grown in YEPD medium (5 ml), supplemented with 40 mg/ml lanosterol and 5 mg/ml Tween 80 at 30°C with shaking (220 rpm). After 2 d, cells were collected and resuspended in the same medium (20 ml) and cultured at 30°C with shaking (220 rpm), periodically feeding 100 mCi of [1- 14 C] sodium acetate (Amersham Pharmacia Biotech CFA.13) five times with 2-h intervals (total 500 mCi), and cultured further for one night in the same condition. Cells were collected and refluxed with 20% KOH/50% ethanol for 5 min. After extraction with hexane, the extract was concentrated and applied onto a silica-gel TLC plate (Merck, Art. 11798), which was developed with benzene-acetone (19 : 1). The band corresponding to 2,3-oxidosqualene was scraped from the plate, extracted with acetone. The amount of [ 14 C] (3S)-2,3-oxidosqualene was quantified by HPLC analysis using the Tosoh 8010 system under the following conditions: column, TSK gel ODS-120T (4.6ϫ150 mm, Tosoh); column temperature, 40°C; eluent, 95% CH 3 CN; flow rate, 1.0 ml/min; detector, 202 nm. The radioactivity was measured in a liquid scintillation counter. After that, the solvent was removed in vacuo, and the resultant [
14 C] (3S)-2,3-oxidosqualene was dissolved in 2-methoxyethanol at the concentration of 0.9 nCi/ml. The specific activity and the yield were 26 mCi/mmol, 4.25 mCi (0.85%), respectively.
In Vitro Assay for Human Lanosterol Synthase The cell-free extract (1 mg protein) was incubated with [
14 C] (3S)-2,3-oxidosqualene (0.17 nmol, 4.5 nCi) and testing samples in 1 ml of 0.1 M potassium phosphate buffer (pH 7.4, containing 0.1% Triton X-100) at 37°C for 1 h. After incubation, the reaction was stopped by adding 6% KOH/ethanol followed by a 10-min incubation at 37°C. After extraction with cyclohexane, the extract was concentrated and applied onto a silica-gel TLC plate (Merck, Art. 11798), which was developed with benzene-acetone (19 : 1). The resultant TLC plates are exposed to an Imaging plate and analyzed with Photo Image Analyzer BAS-1500 (Fujifilm).
Screening of hOSC-Inhibiting Vegetables
The 130 kinds of vegetables were purchased from grocery stores, which were lyophilized and stored at freezer. Lyophilized samples were extracted with ethanol on a water bath at 80-90°C and adjusted at 5 mg/ml with ethanol. Sixty microliters (300 mg) of the solution for each sample was tested for inhibition of hOSC as described above. The tested vegetables except those listed in Table 1 are follows; celery, cabbage, parsley, wild rocambole, watercress, mitsuba, beet, mulukhiyah, purslane, white radish (leaves, sprouts and bulbs), tomato, cauliflower, udo, potato, beach pea, pumpkin, bracken, asparagus, yomena, saltwart convolvulus, osmund, bitter gourd, butterbur, elderberry, crown daisy, leek (Nira, Ha-negi, Wakegi, Nezome-Negi), dried gourd shaving, onion, Chinese cabbage (Hakusai and Santousai), broad bean, Japanese ginger, spinach (Houren-Sou, Komatsuna) perilla (Akajiso), dandelion (flowers and leaves), broccoli, red pepper, Japanese persimmon (leaves and fruits), turnip (leaves and bulbs), laurel, bamboo shoot, burdock, pea, pea pod, Japanese mint, chickweed, rape blossom, garlic (bulbs and stems (Nin-nikunome)), lily bulbs, sweet pepper (red and green), sweet potato, dokudami, Japanese papper (Sanshyou), kidney bean, lettuce (Retasu and Sarada-Na), scallion, Japanese tea, coriander, comfrey, cucumber, okura, plantain, wax gourd (Tougan), carrot, radish, daisy fleabane, bean sprouts, curly dock, lotus (flower and root), qinggengcai (Chingensai), cranesbill, creeping saxifrage, egg plant, corn, etc. All of them showed less than 5% inhibitory activity at 300 mg/ml.
Isolation of Active Constituents in Taro Eight cultivars of the lyophilized C. esculenta were extracted ambiently with ethanol and tested for inhibition of hOSC in the same manner as for the vegetable samples to check activity variation among cultivars. For isolation of active compounds from C. esculenta "Aichi-wase", lyophilized (100 g; ca. one-tenth of the fresh weight) was extracted ambiently with ethanol by stirring. The extracts (1.63 g) were partitioned with 90% methanol and hexane, 70% methanol and hexane, and water and ethyl acetate, successively (Fig. 3) . The first hexane layer (0.27 g) was separated by silica gel column chromatography (silica gel 60, Merck) to afford three fractions A (49 mg), B (17 mg) and C (27 mg). The second hexane layer (0.74 g) was also separated by silica gel column chromatography to afford six fractions D (49 mg), E (5 mg), F (32 mg), G (92 mg), H (41 mg) and I (33 mg). These obtained nine fractions were tested for hOSC inhibition (Table 3) . HPLC analyses of these fractions revealed that they were not composed of single compound ( Fig. 4 ; presented for fractions D and G). From fraction D, the three compounds (MGDG-1, 6.4 mg; MGDG-2, 14.0 mg; and MGDG-3, 19.3 mg) were purified by preparative HPLC using the Shimadzu LC-10A system under the same conditions as described above. In the same manner, the five compounds (DGDG-1, 5.9 mg; DGDG-2, 10.6 mg; DGDG-3, 18.2 mg; and DGDG-4 (mixture of two compounds), 32.1 mg) were purified by HPLC from fraction G. DGDG-4 was a mixture of digalactosyldiacylglycerols with 'one linoleate and one oleate' and 'one linoleate and one palmitate' with the ratio of 1 : 5 (estimated from signal intensities of 13 C-NMR). 3 (t, galЈ-6), 63.5 (t, glycerol-1 
3-O-b b-D-Galactopyranosyl
-), 129.1 (d, -CHϭCH-), 129.3 (d, -CHϭCH-), 131.1 (d, -CHϭCH-, oleate), 131.2 (d, -CHϭCH-, oleate), 131.9 (d, -CHϭCH-), 131.3 (d, -CHϭCH-), 174.3 (s, -CO-), 174.6 (s, -CO-).
RESULTS AND DISCUSSION
Ethanol extracts prepared from 130 kinds of the lyophilized vegetable samples were tested for hOSC inhibition at 300 mg/ml. Twelve samples showed more than 5% (Table 1) , but others less than 5%. Among them, taro (C. esculenta) showed the most potent inhibition (55%). Taro is a staple food in many tropical and subtropical countries and also cultivated in Japan from the late Jomon era, before the beginning of rice cultivation. More than 100 taro cultivars are known in Japan. 16, 17) To examine the variation among cultivars, ethanol extracts were prepared from eight C. esculenta cultivars, and tested for hOSC inhibition at the concentration of 600 mg/ml. Although two of them, "Zenkouji" and "Aizu- dodare" showed a week inhibition (11 and 13%, respectively), the others showed potent inhibitory activity ( Table 2 ), indicating that the variation exists among cultivars, but inhibitory activity is general in taro. Since two cultivars, "Aichi-wase" and "Yatsugashira" exceeded 50% inhibitory activity, further analysis was carried out using "Aichi-wase", one of the most potent cultivars. Ethanol extracts of C. esculenta "Aichi-wase" were prepared and partitioned as shown in Fig. 3 . Inhibitory activity was found in the extraction with two hexane fractions partitioned against 90% and 70% methanol. The first hexane layer (0.27 g) was separated by silica gel column chromatography to afford three fractions A (49 mg), B (17 mg) and C (27 mg). The second hexane layer (0.74 g) was also separated by silica gel column chromatography to afford six fractions D (49 mg), E (5 mg), F (32 mg), G (92 mg), H (41 mg) and I (33 mg). These nine fractions were tested for hOSC inhibition. Among them, the fractions B, D, F, G and H showed significant inhibitory activities, 31, 24, 18, 61 and 25%, respectively (Table 3) . HPLC analyses of these fractions revealed that they were not composed of a single compound. Fractions D and G that showed more potent activity and were larger in quantity than others, were further separated by preparative HPLC. Three compounds (named MGDG-1-3) corresponding to peak 1-3 were purified from fraction D, and four components (named DGDG-1-4) corresponding to peak 4-7 from fraction F (Fig. 4) .
MGDG-1-3 showed almost the similar 18, 19) Further NMR and FAB-MS analyses revealed that MGDGs had two acyl group; two linolenates for MGDG-1, one linolenate and one linoleate for MGDG-2 and two linoleates for MGDG-3, respectively. Together with these results, structures of MGDG-1-3 were determined to be monogalactosyldiacylglycerols as shown in Fig. 2 . On the other hand, NMR and FAB-MS analyses indicated that DGDG-1-4 had similar structures to those MGDGs and additional galactopyranosyl group. Analyses of HMQC, HMBC and 18, 19) NMR and FAB-MS analyses also indicated that DGDG-1-4 had two acyl groups; two linolenates for DGDG-1, one linolenate and one linoleate for DGDG-2, two linoleates for DGDG-3, respec- tively, and that DGDG-4 composed of two compounds with different pair of acyl groups; 'one linoleate and one oleate' and 'one linoleate and one palmitate' which ratio was about 1 : 5, estimated from 13 C-NMR spectrum. Together with these results, structures of DGDGs were determined to be digalactosyldiacylglycerols as shown in Fig. 2 . However, the positions of two different acyl groups in MGDG-2, DGDG-2 and DGDG-4 were interchangeable. As it was reported that acyl group at the sn-2 position is predominantly C 18 and that of at the sn-1 position is either C 18 or C 16 : 0 in many plant species which produce MGDGs and DGDGs, 20) acyl group at the sn-1 position in DGDG-4 is likely palmityl. Absolute configuration of C-2 of glycerol moiety in all MGDGs and DGDGs was not determined. In order to determine the position and configuration, synthesis of MGDGs and DGDGs is under way.
The inhibitory activity for recombinant hOSC of MGDGs was almost the same (28-36% inhibition at 300 mg/ml), and DGDGs showed a little higher inhibition (41-67% inhibition at 300 mg/ml) than MGDGs (Fig. 2) . MGDGs and DGDGs are less potent than the known inhibitors, since IC 50 of DGDGs (molecular weight; 916-942) can be estimated to be around 300 mM and those of the known inhibitors, lauryldimethylamine N-oxide (LDAO), AMO 1618, lanopylins A 1 , B 1 , A 2 and B 2 , epohelmins A and B were 0.84, 120, 15, 18, 33, 41, 10 and 6.0 mM, respectively, under the same assay condition. 9, 10) From the view of preventative medicine, it is not necessary to show high inhibitory activity since taro is not the medicine to treat hypercholesterolemia, but the evidence is important that multiple constituents in food have significant inhibitory activities against lanosterol synthase even though those are not so high.
As mentioned above, taro showed the most potent activity among 130 kinds of vegetables, suggesting that taro has a potential ability to reduce the amount of cholesterol in the body by inhibiting lanosterol synthase. Interestingly, it was reported that the people in New Guinea who ate taro as a staple food showed the lower serum cholesterol level than the people in Netherlands who ate many European foods. 21) And it is also reported that cooked tubers, including arrowroot, tapioca, Dioscorea alata, D. esculenta, colocasia and sweet potato, had decreased tissue cholesterol and triglycerides in cholesterol-fed rats. 22) However, few scientific studies on the active composition of these food have been carried out. It is the first report that taro contains monogalactosyldiacylglycerols (MGDGs) and digalactosyldiacylglycerols (DGDGs) and they inhibit the recombinant hOSC.
It was reported that MGDGs and DGDGs had been isolated as anti-tumor-promoting agents from green microalga Chlorella vulgaris 18) which has been used as supplemental food. It is interesting to investigate the correlation between anti-hypercholesterolemic and anti-tumor-promoting in vivo.
As mentioned above, positions of two different acyl groups in MGDG-2, DGDG-2 and DGDG-4, and absolute configuration of C-2 of glycerol moiety in all MGDGs and DGDGs were not determined. In order to determine them and analyze structure-activity relationship, synthesis of various MGDGs and DGDGs which differ in their fatty acyl moieties 23) are now in progress.
